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ABSTRACT

A number of techniques, such as elemental analysis, molecular weight determination, UV
and IR absorption spectra, conductivity measurements and phosphorescence intensities were
employad to determine the composition and structure of the europium, terbium and nec~
dymium complexes of dimethylacetamide (DMAC) in both the solid siate and in DMAC
solutions. From the data cbiained 1 was concluded thai DMAC acts as a bidentete ligond;

AT A et o e nﬁﬂmﬁ..rnmlﬂuuuuMﬂil;lmlﬂﬁlumwumlmmu....ulumuuuuuwmuu»uuumumuuu.muunwd&u&ﬁvmmahmmulnemﬂm||1WWWWMMMMMWMMWMM|ﬁﬁlﬂ

ceordinating to the rare-aarth ion through both oxygen and nitregen. The empiricsl 5
formula of the solid complexes is M(DMAC);;Cia' where M equals the rarideaﬁh ien. The
solid DMAC complexes dissociote into fwo ionic spaciss, F\»A(Df‘\f\/‘-’-‘\f})3¢:|2 and Cl°, when
dissolved in DMAC.

Becausa the solubility of hydrated terbium salts in DMAC was found to far exceed that of
the carrespending anhydreus ealts, very concentrated solutions of 'l’b(NOs)s‘éHzO in
DMAC could be prepurad. Altheugh water has a quenching effect on phospherescence,
the mueh larger numbsr of terbium atoms psr cc more than offests this affect, so that the
jotal solurion phesphorescence infensity was enhanced some thirteen fimes over that for @
safurated solution of arhydrous TbClg in DMAC,

TR D A

-~ Mecdymivm phesphorescence (af 1.06;147/\%’65 found o be much mere eensitive o guanching

by liquids having high frequency C-H or O<-H sitetching vibrations than sither ferbium o
europium. Az a result nsedymium phosphoresces only very weakly in GWMAC. A rew solvent
was found in which nesdymium phosphoresces almest o hundred times more iniemaly than in

DMAC. This is the phosphorus oxychloride (P’C)Cia)-sﬁn tetrachleride (SnClé) system in

which racdymium oxide (NdzOg) is quite soluble, This liquid has lew viscasity st reom

tempsreiure and appeors Yo have good propartiss for use as a liquid laser. Preliminary but

significant evidence for lasing in this NdzasePOCisaSnCié systom nsar  1.06/y s pressnied. A
[\
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The present work is a continued investigation of factors influencing the phosphorescence
churacteristics of Nd, Ev, and Tb trivalent compounds in liquid erganic and inorganic

g
g
E . iNTRODUCTION
i
I
!

B solvents. This report covers the period 1 August 1967 through 31 January 1968.
p $ Among the points whicl had been established previous to 1 August 1967 were the L
- - following, which may be understood oy reference to Figure 1. ?
- [ E
- - (o) If Eu-bearing liquids are excited by pumping into the high Eu3+ levels ii
| {1 around 25,000 cm-‘, the Eu ions relax downward from these levels very ,
oo quickly ( ~70 y sec) by non-radiative processes. '
L ) Between 20% and 55% of the relaxing Eu ions, in the various pumped _
liquids investigated, probably initially relax down to the SDO level ' 4
4

et 17,000 cm-‘, {the largest such percertages occurring in liquids
which have a P=O or C=0O bond adjacent to the excited Eu). The
remainder are relaxed quickly down to the 7F multiple! by non-

radiative processes.

e P e
{ i
Ll

! »

(c) OFf those Eu lons reaching 500 the fraction which remains long
anough to yield cbservable radiation varies enormously in
different liquids. in water solutions of Eu salts there is hardly any

phosphorescence ot all. Apparently, multiples of the fundumental

ons il ous

¥ - 5

, : O-H vibration at ~ 3500 cm ‘ take up the DO excitation energy *
= A=) .
: immediately, in o further non-radiative relaxation to the ground
- } multiplet. ‘
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(d) However, in some other iiquids where the vibrational
energy of the bond immediately adjacent to the excited
Eu ion is much smaller than the = 12,000 cm-‘ energy
to be transferred, the tendency for non-radiative energy
is much less, and fhensDo-o 7F phosphorescence lines
cre much brighter, with correspondingly better prospects

for lasing in one of these lines.

(0) The strongest phosphorescence occurs in iiquids where
the bond adjacent to the excited Eu is either P=O, with
its furdamental vibration ~ 1200 em ™', or C=O, with

its fundamental vibration ~ 1600 cm-] .

(f) Results for Tb-bearing liquids are rather similar, with
phosphorescence lifetimes for transitions down from the
SD level being greatest when the bond adjacert to the

4
Tb is P=0O.

The bulk of the work for the period reported hera falls into two most important classes.
First, there were a number of attempts to define more closely the structure of the solva-
tion sphere surrounding a rare=ea-th ion in one particular solvent, since the above work
has emphasized the strong effect of the nearest neighbors on phosphorescence intensity.
The solvent chosen was dimethylacetamide (DMAC), which shows the brightest phos-
phorascence observed from solvents with a C=O bond adjacent to the rare earth. The
vailous lines of attack included elemental analysis of the crystals, vapor pressure and
conductivity measurements on the liquids, studies on numerous homologues of DMAC,
and mapping of UV and IR absorption spectra. The conclusion was reached that the
rare earth fon is attached to the ligands by bidentate linkages involving both O and N
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atoms, and that two anions are produced when the solid complexes are dissolved in DMAC.
Thus, the composition of the chlorides in DMAC solution is formulated as M(DMAC)f&'*CI..

A few measurements were also made on rare earf'n-DMAC-HZO systems, which seem to have

an even more complicated arrangement around the rare earth ion.

The second major class of work reported is the study of Nd spectra. Acquisition of naw
equipment has made possible some investigations of the 1y spectra of Nd phesphores-
cence emission in several liquids. Since the level from which phosptorescenca arises,
4F3/2, is only 54500 cm-] above the nearest ground muitiplet level, non-—radiative
relaxation from F3/2 is usually very probable. Thus, H,0 solutions of Nd salts hordly
phosphoresce at ali, and even the emission from the C=O compourd, DMAC, was found
to be much weaker than with Eu and Tb. Howeer, o solvent in which the bond adjocent
to the Nd is P=O has now beer found which does indeed give strong 1y Nd phosphores-
cence in the liquid state. This system is a mixture of POCI3 and SnCI4 which is able to
dissolve Ndzos. A brief description is included in an Appsndix on tha recently

obtained evidence for Nd lasing in this liquid.

A final section of the report mentions some explorations on another class of solverts,
fused halide and nitrate salts, where the environment of the rare earth ion is quite

different from the cases studied so far,
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T fl. MNATURE OF THE RARE EARTH-DMAC SYSTEM

In order to understand exactly how the chenical environment of the rare earth ion
affects the phosphorescence, it is critical to establish just what that envirenment is.
This mesns a detailed anclysis of the molecular composition and structure of the com-
plax using the teols of clemantal enalysis, molecular weight determination, ultraviolet
and infrarad speciroscopy, ond any cther experimental technique which will assist in
the study.

 S—

A. Analysis of Anhydrous Crystailine Samples

—
[ S———

A distillation train was set up which was continually purged with
dry nitrogen, and the sol verds distilled from various drying egents.

=

An inert atmosphere box was procured for the actual sample prepara-

tion. Hydrated rare earth salts were dissolved in pure solvent and

3

the excess solvent was then driven off under vacuum Jeaving crystals
of the rare-eastk-ligand-solvent complex. This process wasropzated

ieaving crysrals analytically pure and viriuvally water-free. The

it £ et " e i e
s,
i ‘
el e

sampleg were then sent to Galbraith Laboraiories for compositional

[

analysis.

L

The first semples of the coresponding Nd, Tb and Eu complex were
preparcd and analyzed, and the resulls are given in Table |. The

-

asemant

theoretically calculated values are based on three dimethylacetamide
ligands and three chleride ions. The analyses indicate that the mole-
cular formulas for these complexes are thus:  Eu(DMAC)

Tb(DMAC)3C|3, and Nd(DMAC)SCis.

Cl
K

(oo B o B e

g
w
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TABLE 1

Gt Qo) ok

Elemenial Analyzes of DMAC Complexes

[ S ]

F I SR .
LA b s LA L, O SO 0 LRI 1A .l 1

%C % H %M %Cl

Etll(l)l“f\f-‘\C):SCI3 Calec.: 27.8 3.21 8. n 2.5
Found: 23.8 5.77 8.5 19.2

o o oA RO MR R LB

Tb(DMAC)3CI3 Cale.: 27.4 5.13 7.99 2.3
Found: 2.0 5.19 7.70 19.9

i S - B T )

) Nd(DMAC)3C|3 Calc.: 23.2 5.27 8.21 2.8
ég Found: 2.8 5.74 8.16 18.7

e ndy
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A molecular weight determination was also porfermed by Galbraith

Leborateries un Bu=Cl-DMAC, ard the result obtained was upproximately

3 half the thoowetical malecular weight for Eu(DMAC)3C13. To perform

- the ansiysis, they dissolved the crystals in dimethylformemide (DMF) and
j meusurcd the lowering of the vapor pressure, a phenomenon associated

~ with the wumber of partieles in solution.

. Duo 7o tne great similarity of the chemisiry of DMAC to DMF, no signi~
i ficant measured molecuiar weight difference ic expacted between these
[ two solvanis.

Sinca the chserved molecular weight is one-~half the formula weighe, it
is concluded that the molecule must dissociate info two particles. There
is only ona likely dissociation mechenism which yields iwo digtinctly

e,
T 7Y

{

=

differeid molacular entities when one mo'ecule of the rare-carth-DMAC
zomplex is dissolved in DIMAC. This is indicated by the following equation:

i
= Eu(DMAC),Cly &===* Eu(BMAC)CL," +CI”
-59
E Further disseciation of the complex, in DMAC solution, would produce
) mere C! ions which wonld aet as senarate pariicles and produse on apparent
H mnolecular weight less than ons-half the meleeular formula.
A E B. Conduciivity Measuraments

A furthor chack on the above molesculor weight end dizeciction considerations

ergires o3

would be enhancoment of ihe cenductivity of pure DMAC when the complex is

TG B o et i e

E
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i dissolved in it. The postulated dissociaiion mechanism in DMAC solutien =
| @ . I N E
& requires that almast all of the initially neutral complex molecules dissociate g
into twe charged species. 3
” £
- Te investigate this matter, a conductivity cell was obtained and @ constarg :
o .
L temparature bath set up. Msasuramonts definitely indicated a large ;
ER ]
conductivity increase of the solution over that of pure DMAC, thereby ;
hig
__ g proving that the neutral complex undergoes a significant dissociction
; into fenic species.
ER !
2
i C. UV ond IR Absorption Spectra
H If ona examines the UV and visible absorption spectra of these complexes
N dissolved in DMAC, run versus a pure DMAC blank, e strong UVabsorption
8 otiributable only to the complex is present. This absorption is shifred some
4008 toward the vizible from the usual UV absorpiion of pure DMAC, which :
;ﬁ indicates at least a partial delocalization of the DMAL carbony! electrons. _
t-4 ‘ E
h | | i
é; Alse, the IR obsorption spectrum of the complex in solution shows a shouldar F%
i

on the carbonyl-strefch band not present in the pure solvery. This car be
aitributed to a lowering of the carbonyl=stretch frequency within the complex
by some 40 cm-1 . The egnelusion is that the DMAC is eoordinated to the rare-

earth ion through the carbenyl oxygen.

e o=

D. Genorol Conclusions on Studies

The resuits nofed above would seem to indicate thai in the crystalline form,

Tk A i 1 1t o L

the DMAC complexes ore compased of thiree DMAC molecules and thice

)
e
m,mz;a'ul]
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St =
s chlaride ioms for each rera earth ien, and in solution one of tho chloride i
ﬂ fons Is free, laaving the ion M(DMAC)SCH{. %
l “ On an investigation of cartain homologs of dimethylacetamide, to be discussed g
in the noxt section, it was found that when a hydrogen atom is bonded to the -
ﬂ alivogen of the amide group, phosphorescence is severely quanched. This _
indicates that the nitregon is also coordinoted to the rare-earth ion, for only

E an N=-H bond immediately adjacent to tha rare-earth ion is considered to be o
capable of infiuencing the phosphorescence to such an extent. It was there- '3
D fore concluded that DMAC is acting as a bidentate; that is, coordinating
; through both oxygen and nitrogen. . -

e L e S L e e+ e e

DMAC Cooidinated fo Europium

o ﬁ This result was not totally unexpacted since coordination numbers of eight or

nino (counting the chlerines) are fairly :ommon for rare-carth jons.

et
I AR ARA 4 T T TSP AT Al Vol
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the difference is not in the ligand but in the anien. The chioride complex has

significantly weaker intersity than its nitrate analog. This type of bsohavier

has been noted before (e.g., triethylphosphate complexes), and is proof that
the anlen plays a role in influencing the phospherescenco of the rare-sarth

ion. This again means that the anions are of least poriially within the
coordination sphere of the rare-earth fon in solution, ard hence bonded to it.
A nitrate ion has a vibraticn ar 1380 cm-] whereas, of course, c chlerida fen
has no internal mole uler vibrations ot all, Thus, it appeers thai the nitrate
vibratien is enhancing the phesghorescence, and, consistent with cur hypothesis
put forth in the last scemiannual (1 February 1967 = 31 July 1967), way be
assisiing the nomwadiative frarsitions to the emitting laval to a gracter extord

than frem the emitiing level.

o e ¢ vt s e

2
- As ralates to the porential of develeping a liguid laser, this fuct that the
‘;; ligard behaves as a bidentate has little effect. It deas mean, however, thet .’
= substituents which affect either the carbon-oxygen or the carbon-nitregan 3
‘{? bond may influence the rare-earth phesphorescence, and that the DMAC sysiem
- is more complicated than was criginally anticipated. i
5
- E. Phosphorescence in Homologs of Dimethylacetamide
§ A number of homologs of dimethylacetamide were investigated as ligands. The }
. phosphorescence intensity of each complex with surcpium is noted in Table 1 { i
i for  both  the 69 my and 595 my line (which have different terminal %
- M levels,as shown by Figure 1), as well as the ratio of intensity of the 619 my
LS line to the 595 my. All measurements were made on the hydrated salts 3
- i“ dissolved in excess solvent, “j
T i““ Several things can be noted from Table [, For the first two complexes listed, 1

o vy g i i e
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Cemplesx Ligand

i
omia
O

Eu-N=Dimethylacetomide
Ev-Cl-Dimethylacetamide

ot I W

/
N\
(%)

Eu-N-Dimethylformemide H-C CH

¢

Eu-N-Diethylfsrmemide H-C C.H
\N/ 25

CaHs

st
Qs
Vd

{—

t O
B tu -N-Dibuiylformamide H-Q’ Lo

Phosshovascance Intensitios of DMAC Homologs

Intensity '6%
619 my 595 mu 595
104 20.3 5.14
40.6 12.2 3.33

82.5 18.9 4,36

88.1 18.3 4.8)

77.3 14.8 5.22

.
\
j C4H9
T
L L5
- i
§
L}
- z
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TABLE |1 (Continued)

APl T T e

=
=
s |

Intensity l61/}/
Complex Ligand 619my 595 my 595
o
Eu-N-Dimethylpropionamide c::-|3-c:-12,—6:\1,043 94.0 4.3 6.5
“CH,
Eu-N-Dimethylocrylamide CH2=CH-C\’ CH3 Insoluble
N
CH,
0
tu=Cl~Ethylacetamide CH3-C\N/H 9.16 3.05 3.0V
N
CMs
fo
Eu-Cl-Methylacetamide cH, <7 M 3.19 .10 2.9
3 \N/
\CH3
//0
Eu=Cl-Methylformamide H-C_ /H <1.0 <1.0 --
N
N
CH,
o
Eu-h. ~Diisopropylacetamide CH3-ff LCHICH), Insoluble
N
“CHICH,),
12

vl st TR
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@D Ja

Looking further ot tho table, thera is definite evidence that cemplexas with
moncwbstituted amids ligands, that is, those with o hydrogen atom on the
nitrogen, yield far wealker phosphorascence than complexes having di-
substituiad ligands. This is consistent with the idea that a hydrogen bond
cdjacent to the metal 1on provides an excellent mechanism for quenching

phesphorescence. If we compare the nitrates of dimethylacetamide and
dimethylformamide, we note that the hydrogen on the carbon seems to quench

N Y T N T . AT AT

. q} the phosphorescence more than a methyl group, but newhere as much as a
. hydrogen on nitrogen. [t should be noted, however, thot the numbers given
{j are prebably good to only 5 percent, and small differences should not be
: E considered significant.
j

Ona puzzling aspact is the insolubility of ths dimethylacrylomide complex

| when compared with tho dimethylpropionamide complex. The presence of

a double bond should not drastically affect solubility. One possible explana-
tion is the tondency for this type of molecule to polymerize, which would
limit its solvent properries, olthough we have no evidence that polymeriza-
tion has occurred .

=3

3

i

‘L‘ﬂ.".ntlxj

From the above investigation of DMAC homologues, ons can see thot mole-
cular chargos consisting of adding on varying numbers of -CH2- groups fo

il -
= u the DMAC molecule result in enly negligible olterations in phaﬁh/grescence
= . proporties. Therefore, no further week in this direction seems necessary.

L.
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£

L E e
R
e Il MEASUREMENTS ON THE RARE EARTH-DMAC-H,O SYSTEM
] %
T
Y r |
& A. Enhancemant of Tb Phosphorescence

An experiment was porformed to examine the relative solukilities of anhydrous
and hydrated rare —earth salts in DMAC. It was found that the solubility in
DMAC of hydrated salts (salts containing water of crystallization) for exceeds

fresy g

7 that of the corresponding anhydrous salts. This is presumably because at least
‘_3 H one watar molecule remains solvated to the rare-earth ion in the organic
' . liquid, thereby creating an environment more closely epproximating that of
6 ;7 an agueous solution in which the salts display great solubility.
7 ;f As is already well known, water has a strong quenching effect on rare-earth
. phosphorescence, so that one might suppose that any DMAC solution of a
i g% hydrated salt would display a weak output. However, it was found that the
- actual phosphorescence Intersity of a 0.44 M solution of Tb(N03)3-6H20

in DMAC is about thirteen times brighter than a saturated anhydrous TbCI3-
DMAC selution (Tabla I 11)which is approximately .02 M.

oy

_

The above figures show that intensity per terbium atam in the solution of the
hydrated salt is only about 60 parcent of that in the anhydrous system. How-

£

ever this intensity decrease per atom is more than offse by the much larger

number of terbium atoms per c¢, so that the total phosphorescence intensity

from the solutien is greatly enhanced. An interesiing conelusion to be

dreown from these observarions is that the prasence of approximately one water

molecule per solvation sphere arcund the Tb causes for less quanching than the

Epa)

case of a complefo H,0 solvation sphere which obtaizs in water solutions of

Tb salis,
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Concentration

~ 0.02 M(Sat)
0.44 M (- Sot)

~0.1 M
0.10 M (~ Sat)

1.0M

TABLE ili

Relative Phosghorescence Intonsities of Necdymium and

Terbium in Different Solvents

Liquid

TbCl 3-DMAC Anhydrous

Tu(NO 'éHZO-DMAC

33

Ndzoa-POCI -SnCI4

3

NdCl 3-DMAC Anhydrous

Nd(N03)3‘6H20—DMAC

)

Relative Intensities

5 (54778) 5 (48758)

65 (54338 ) 65 (4888R)

85 (1.06u)
1.0 (1.06y )

Undetectable (1.064 )

(1) All intensities have been corrected for the known response characteristics of the

7102 photomultiplier and the xenon excitation lamp.
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Further experiments showed thar dilution of the 0.44 M solution with DMAC
resulted in a phosphorescence intensity decrease which was directly proper-
tional to the dilution factor. This constancy of emission intersity per Th ion
indicates that no significant self~quenching of the terbium (through Tb-Tb in-
teractions) had been occurring in the concentrated solutinn, provided one

may assume an unvarying consiitution of the solveation sphere as more DMAC

is added, Evidence for the latter point is the lack of change in tha structure

of the spectrum accompanying this dilution,

Fine Structure Variations in Tb and Eu

Another technique, aside from conductivity measurements for establishing the
existence of more than one mclecular species in solution is the study of the
splitting of the phosphorescence bands inio a multipliet structure; each com=
ponent arising from some particular entity. The Aminco-Bowmen spectro-
photofluorimeter, previously employed for phospherescence work, has a low
resolution capability; certqinly too low to have resolved the spectral differences
petween the tris and tetrakis europium chelates. To improve this situation,

a Jarreil-Ash 0.5 meter Ebert scanning monochromator v as set up in canjunction
with a 150 watt xenon excitation lamp and an 1P21 phetomultiplier tube feeding
a recorder through an amplifier. Suitable filtering of the exciting light was
used in order to completely remove the europium and terbium phasphorescence
wavelength regions, so as to minimize any interferance. Ancther filter removed
the infra-red to prevent the heating of the sample. This menechromator hes a
disparsion of 16A per mm and was used with a 30 B cutput slit giving on actual
rasolution capability of 0.48A.
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With this exparimentol sof~up, solutions of anhydrous and hydrated europium
ard tervium salfs in DMAC were exemined for resolvable fine structure in their
phospharescance spactra. A saturated anhydrous 'I’bCl3 solution in DMAC
yielded spectra where the 5D4-¢ 7F6 (approximatre!y 490 mu) phosphorescence

trarsitions were split into doublets (Table V).

In an attompt 1o establish the origin of these doublets, two drops of water

were added to 3 cc of the anhydrous solution. This resulted in the disappaarance
of ona of the components from each of the doublets, and a considerable overall
decroase in the phosphorescence intensity from both of tha transitions..
The frequency of the remaining lines ore very close to those from both an
aquecus solution of TbC|3 and a DMAC sclution of Tb(NOs)s-szo.

Due to the complexity of the systems it is not possibie to determine unambiguously
what molesular chenges are responsible for the above result, although two
explanations come to mind as being reasenable. The suppased anhydrous solution
may not be stricily dry and may contain a small amount of water. If there was
not encugh water fo contribute at least one moleculs to the first solvation spheie
of ull the terbium ions, then two molecular species would exist; some possessing
at least one water about the terbium and others none. The two speciss would
then have different rare =earth environments and could give rise to phosphores=
cence spacira ot sumewhar different frequencies. Adding more water would assure
that all of the terbium ions have at least one water in close proximity and the
specira from the spezies with no water would, of course, disappear. The
decreased phosphorescence intensity would then result from the well known

quenching effect of water.
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TABLE IV
Phosphorescence Wavelengihs of Europium and Terbium in DMAC

b

, ard Water Systems
4
3
t Wavelength in R of Center of Phosphorescence Peaks
1 TH(NO ;) 1 6H, O -DMAC 5433
4888
J
| TECl 4-H,O 5430
: ] 4884
- [ | TbCl ,-DMAC Arhydrous 5477
S 5423
S
: 4875
i ]
- TbCl,- DMAC Anhydrous 5435
! r plus small amount of water 4878
[ EuC;~DMAC Anhydrous 6115
l 5910
1 EuCl;-DMAC Anhydrous 6115
plus smoll amount of warer 5910
[_ EuCly-H,O 6119
2 5910
) Eu(NO ), 6H,0-DMAC 6166
' 5985
il
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Aliarnatively, the anhydreus system may be strictly dry and the splilting
may rezult from the lifting of the deganeracies of the emitting and termincl
levals by a strong electric fieid of n particular symmetry resulting from the
coordination sphere arcund the terbium, The cddition of water can now
create an environment of different symmetry which doss net split the
degenersie terbium levels Into a5 many cemponerds as befora, so that only
one band is observed.

As can be seen from Table [V the europium nitrate and chloride- DMAC and
water solutions do not display any splitting of the phosphorescence bands,
alihough a close examination of the band shape reveals some asymmetry which
is indicative of the possible presence of unresolved sverlapping coiponents.
it is not yet clear why the europium and terbium systems behave in such a
different manner. However, the Eu levels have smaller J-values than the

Tb levels, and so might disploy a lesser sprecd of local field compenents.
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v. Nd SCLUTION SPECTRA

Necdymium Phosphorescence Datector Assembly

Near the end of the period covered by this repori a complete infra-red
detector asssmbly was received from American Insirument Company. This
consists of a 7102 photomultiplier tube, cooling dewar, power supply,
and solid state amplifier. With the multiplier cooled to dry ice tempera-
ture the residual dark current becomes almost negligible and we dre able
to accurately measure even very weak signals at the 1.06); necdymium
phosphorescence line. At present this detector assembly is being used on
the Aminco-Bowman spectrophotofluorimeter with an infra—red grating,
but it can be readily attached to any morochromator. Now that we werc
able to readily study the 1.06y neodymium phosphorescence specira, an
intensive oxamination of a great variety of neodymium-containing liquid
systems was begun. This program should bring our understanding of neo-

dymium systems to at least the same level as that of europium and ferbium.

Neodymium=-DMAC Studies

A 0.1 M solution (practically saturated) of anhydrous NdCi3 in DMAC dis-
played a weak phosphorescence at 1.06 y as compared with the intensity

in the green from the corresponding anhydrous ferbium system. From Table Hi
wo see that per necdymium atom the intensity is approximately .04 times that
of the per-arom terbium intensity.

Although the Nd salt containing water of crystallization, Nd (N03)3'6H20,

was soluble to the extent of 1.0 M in DMAC. no 1.06 g phosphorescence

could be detected af all, in sirong conirast to the situation fer tha Tb case.
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This indicates the extreme sensitivity of noodymium phesphorescence to

the prouimity of water melecules to the nesdymium atom, since at least

T

one water moloeule is present in the immediate solvation sphere of the

rare~earth.

el

In the light of cur ideas wh'ch view non-radiative transitions as erising

(e

from irorsfer of the elecironic energy of the rore<earth atem to vibra-

)

tional modes of groups in close proximity, we car rationalize the above
difference betwesn Nd and Tb behavior. The efficiency of encrgy

&
Ches

I transfer progressively falls as the bond which is being vibrationally
excited is moved further from the rare-earth. Also, if one has to excite

-

{ o high vibraiional overtone to accepi the energy then the transfer is very

i much less efficient than if the transfer can be accomplished by excitation
of a low uvertone. Since the energy gap in Nd between the emitting level
(4F3/2) and the next lowast level (1!”/2) is only 5500 cm-] , one can

L

e; readily see that for C~H and O-H stretching vibrations, which are usually
. - brood bonds from 3000 to 3500 cm-], a vibrational excitation to the second
7 i overtone (v = 2 level) will suffice. In terbium the similar energy gap is
. apﬁéximafaly three times as mony wavenumbers so that non-radiative energy
E hansfer, which must now involve high frequancy vibrations, is very much
less officiert.
-~ Thus, even though the C-H stretching vibration present in DMAC is removed
; from the immediate vicinity of the neodymium (which is coordinated through
. the exygen and  nitregen), it is still very effeciive in promoting non~
;ﬁ radiative rolaxations among the closely spaced onergy levels of thet ion.
. It apn=ars, therefora, thet in crdor fo ebiain really strong 1.06y necdymium
- _:‘ phessherascenco, ons weuld have fo cempletoly romove all high frequency
. vibrations from the solvarion sphare of the fon.
B “‘:
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P C.  Naodymium in POCI,=SnCl,

To accomplish the above mentioned aim, we have now found an inorganic

? system in which neodymium does display a very inferse 1.06  phosphoras-

; conca. This is a mixture of P()Cl3 (phosphorus oxychloride) and SnCI4

; : (stannic chloride). The highest vibration in this system is the P=O

] strefch at 1285 cm-] . From Table 1V one can see that the 1.06y necdymium
T é phosphorescence in this system  (~0.1 M) is opproximately three times

? greater than for Tb C|3-anhydrous ~DMAC on c per~atom bausis, and about

Fr
e

efghfy-ﬁve times greater than an anhydrous NdCla-DMAC solution of

equivalent concentration.

The system being studied here is similar in many respects to the Nd:SeOCI2
laser previously described (]'2). In that system tin tetrachloride was added
to selenium oxychloride in order to dissolve the otherwise poorly soluble

neodymium oxide.

The chomistry of phosphorus oxyehloride and its adducts with varicus aprotic
acids, including tin tefrachloride, has been studied (3’4). With tin tetra-
chloride in phosphoerus exychleride the spacies P0CI2+ ard SnCIZ are

presumed t~ be generated which, in turn, act to disselve the neodymium

oxide.

N

T T————

Solutions were easily prepared by adding necdymium oxide to the mixed

solvent (5 volumes of POCI3 to 1 volume of SnCIA), heating to incipient

boiling, cooling and cenirifug'ng ro remove any suspentdod matier. Mo
spacial handling pracoutions are regu'ved except for the gloves and fumo

hood nommally employed with reactive acid chloridos. The system has the

advantagss of lew foxicity, and high mebility ot room temporaiure. Tho
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i

E 5:1 progeriion of POCI:a to 'S.nCl4 insurcs thet the system remains liquid

S @ ot roem remperature. Higher proportions of tin tetrachloride ganoraie
- ealld adducts ot room temprature,

n This and related systems will be siudied further duringthe next pericd.

|
)
T

o
o

L=d

ogatt

bt lommd e

g

2 N
- &
|

= P R R S S L L) Bl Sepe e T TETT TR G skt S R S S S e s S b R e e A R




| i

[ e ]

G2 Gasd

AEROSPACE RESEARCH CENTER ¢ GENERAL PRECISION BYSTEMS INC.

V. FUSED SALT SYSTEMS

In a separate but related study in this laboratory we have begur an examination of the
possibility of using fused salt systems as liquid media for rare-carth ions. There is very
little information in the literaiure concerning phosphorescence of rare-earth ions in

fused salts and it would seem to be an area for fruitful investigation.

In our studies, an upper limit of about 200°C has been set on the melting point of any
salt or salt mixture to be investigated, partly because of experimental convenience and
partly because it is well known that phosphorescence is quenched at not too elevated
temperatures. Alsc, only those sysiems that are optically clear from 0.5 t0 1.1 y in
the liquid state are being considered.

The initial phase of this study consisted of an examination of the solubility and phosphores-
cence properties of anhydrous europium (11), terbium(l1l), and neodymium(lil) chlorides

and oxides in various low-melting solt mixtures. Thus far, we have made two preliminary

and very inferesting observations concerning the solubility and phosphorascence of terbium(lil)
and europium (l11) chiorides in a potassivm nitraie = lithium nitrate eutectic which melis at
139°C. I this eutectic at about ISOOC, EuCI3 is very soluble, ot least fo the extent of

1 M, and the resulting solution displays a very intense phosphorascence when excited by

a UV lamp. In this seme eutectic TI::(:I3 displays a similar solubility but its phosphorescence
is completely quenched. In order to obtain quantitarive information about theso systems, it
will be necessary fo modify our phospherescence-measuring apparatus to be vsed o elevaied

temparaturas.
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g
H VI.  FUTURE PLANS =
: =
il =
i =
e ! 1 The research in the nexi pariod will concentrate on neodymium phosphorescence in order =
4 . to bring our understanding and knowledge in this area to the level of that for europium =
T [ and terbium systems,
- [ 1. An intensive study will be carried out on systems containing neo=
- dymium compounds dissolved in POCIa, PSCIS, rolated heavy
; [ metal halides and oxyhalides, and mixtures of the above.
{ 2. The effect on neodymium phosphorescence of replacing hydrogens
end hydroxyl (OH) groups in organic molecules by halogens in
B certalin organic solvents, will be studied. This eliminates the
- . ’ high frequency CH and OH stretching vibrations.
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APPENDIX

Evidenco for Lasing of N3203-P0Cl3-SnC|4

Shostly after the closs of this report perior; strong emission with a "spiking" action
vary simtlar to that in o ruby lesar was observed with o dilute solution of Ndzo3 in

a 5:1 mixture of POCIS and SWCI4 upon excitation with the 5000 jouls pulse of a
helical xenon fiash lamp.  The IR output was detected through 11,06 y inter-
feranca filter with a 925 photodiode feeding a 545 Tektronix scope <cross a 47 ohm
load resistor. The liguid was contained ina 12mm i.d., 12.5 cm long tubuiar quartz
celi. Quartz optical flats were cemented to the ends with epoxy. External plane
mirrors with dielectric coatings were aligned parallel to the ends of the zeil. One
mirror had mors than 99 percent reflectivity and the other had 10 percent transmission
at 1,06 y.

Figure 2 shows the smooth fluersscence decay curve below thrashold. Above threshold
in Figure 3 ona sees  a burst of spiking of very much greater intensity than the back=
ground neodymium fluerescence and pump light. Figure 4 shows the first section of the
random spiking paitern on an expanded fime scale,

Several improvements i the experimontal arrangements are possible which can be
oxpacied to lower the thrachold for lasing. Expsariments are row proceading wirh
this system.




3300 JOULES INPUT
SMOOTH FLUORESCENCE DECAY BELOW THRESHOLD
100 MICROSECONDS/CM

FIGURE 2
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5000 JOULES [INPUT
RANDOM SPIKING ABOVE THRESHOLD
100 MICROSECONDS /CM
FIGURE 3
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5000 JOULES INPUT
FIRST PART OF SPIKING AS IN FIGURE 3 ON EXPANDED TIME
SCALE OF 20 MICROSECONDS/CM

FiGURE 4
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